The elemental composition of the presynaptic nerve terminals in rapidly frozen synapses of the cerebellar molecular layer was determined by electron probe x-ray microanalysis and elemental imaging of characteristic x-rays. Elemental imaging of thin freeze-dried cryosections from fresh cerebellar slices frozen within 20 sec of removal from the brain showed normal concentrations of potassium (95 ± 6 mmol/liter wet tissue + SEM) and calcium (0.8 ± 0.4 mmol/liter) in whole presynaptic terminals, even though mitochondrial and nonmitochondrial sites containing up to 30 mmol of calcium per liter were present elsewhere in the neuropil. Quantitative electron probe analysis of synaptic vesicle clusters and intraterminal mitochondria indicated that their calcium concentrations were 0.4 ± 0.1 and 1.2 ± 0.2 mmol/liter, respectively. The low calcium content of presynaptic organelles was confirmed by the absence of detectable deposits in preparations freeze-substituted so as to stabilize calcium content. Similar experiments were carried out on cerebellar slices rapidly frozen after incubation in vitro. The distribution of potassium and calcium in presynaptic terminals of resting and depolarized (55 mM potassium) slices was qualitatively and quantitatively similar to that in freshly excised cortex, although resting slices lacked the few calcium-rich sites that appeared in other areas of the neuropil after stimulation. The calcium concentrations in whole terminals, synaptic vesicles, and mitochondria of resting slices were 1.4 + 0.7, 0.7 + 0.2, and 0.9 ± 0.2 mmol/liter, respectively. Thus, amounts of calcium typical of storage organelles in other tissues are not present within cerebellar synaptic vesicles, suggesting that they have a limited role in calcium storage and release.
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Release of transmitter from nerve terminals is accompanied by a transient increase in intracellular calcium (1, 2) . Most, if not all, of the calcium enters the presynaptic cytoplasm through voltage-dependent calcium channels (3) , where it is rapidly buffered before its extrusion from the terminal (4) . A number of organelles in the presynaptic terminal, including synaptic vesicles (5-7), smooth endoplasmic reticulum (8) , and mitochondria (9) , have been shown to have calciumaccumulating activity. If any of these activities were operative under physiological conditions, then the corresponding organelles should acquire a calcium load following neuronal stimulation; that is, they should act as calcium buffers. It is also possible that calcium-rich intracellular organelles, such as the stores characterized in other excitable (10, 11) or secretory (12, 13) cells, might be present in resting presynaptic terminals where they could release significant amounts of calcium upon stimulation. Questions regarding the existence, identity, and activity of calcium storage organelles have taken on added importance with the recent indications that in neurons (14) , as in a variety of other cell types (15) , many regulatory cell functions may themselves be regulated by calcium release from internal stores.
We have used electron probe elemental imaging (16) and electron probe microanalysis (17) to search for and to determine the elemental composition of calcium-rich organelles in resting and stimulated parallel fiber-Purkinje cell synapses in mouse cerebellar cortex. This tissue permits direct cryofixation of intact in situ synapses from brain slices in which neither the pre-and postsynaptic neurons nor the freezing surface have been cut (18) . Elemental imaging of this preparation affords an exhaustive unbiased survey, covering large expanses of neuropil, of the distribution of important tissue constituents such as potassium, calcium, and phosphorus down to the level of individual terminals. Electron probe analysis complements elemental imaging with precise measurements of element concentrations within specific organelles at the submillimolar level. The results indicate that the synaptic vesicles of the presynaptic axoplasm contain <1 mM calcium in both resting and depolarized neurons, which is lower than might have been anticipated for either a storing or buffering organelle (e.g., see refs. 8, 10-13, and 19-21) .
MATERIALS AND METHODS Specimen Preparation. Hemispherical slices from the lateral cerebellum of 40-to 45-day-old NIH C57BL/6 mice were directly frozen with the uncut surface facing a liquid heliumcooled copper block within 20-30 sec after decapitation (18, 22) . Other slices were quickly excised and maintained in tissue culture medium (L15 medium/CO2/20% fetal calf serum) or physiological saline (5 mM KCl/116 mM NaCl/1.8 mM CaCl2/0.8 mM MgSO4/26 mM NaHCO3/1 mM NaH2-P04/5.5 mM glucose, pH 7.4) at 37°C, in a 95% 02/5% CO2 atmosphere. These were either frozen after 60-75 min of incubation or were depolarized by a high concentration of potassium (55 mM KCl isotonically substituted for NaCl) for 30-120 sec before freezing.
Frozen tissue was prepared for electron microscopy by freeze-substitution in osmium tetroxide/acetone (18, 23) . A freeze-substitution method including 20 mM oxalic acid to stabilize divalent ion deposits (24) was used for localizing such deposits in plastic-embedded cerebellum. Other samples were prepared for analytical electron microscopy by cryoultramicrotomy as described (25) , except for the following major differences: (i) thin sections ('100 nm thick) were cut from the well-frozen face of the' frozen tissue block at -145°C (gas temperature at cutting level) using a Reichert FC-4 low-temperature sectioning accessory, and (ii) sections were either freeze-dried and carbon-coated in an auxiliary vacuum device or were transferred directly to the electron 1713 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" (16) . In brief, the instrument generates a scanning image by collecting, at each pixel of a digitally defined raster, a variety of user-selected signals during a specified dwell time. The digitized signals are then processed and stored in a computer before or while moving to the next pixel. X-rays from four predefined energy windows can be acquired simultaneously, digitally-filtered (17) , and the central lobe of the filtered peak stored as representative of the amount of element in the illuminated microvolume. Typical experimental parameters were 5 nA beam current into a -40 nm spot; live dwell time, 200 msec/pixel at 10% spectrometer deadtime; 128 x 128 raster at 36 nm/pixel, for a field of 22 ,m2; collection time, 1.5 hr. The analysis temperature ranged from -105'C to 250C; temperature was not a major factor for the data reported here, although drift of the microscope cold stage (which is a function of temperature) does influence the resolution of x-ray images. Under these conditions, the characteristic x-ray count rate for K (intracellular concentration on the order of 100 mmol/liter wet tissue) was typically 15 counts/ pixel, corresponding to a detectability of -20 mmol/liter in a structure the size of a single 50-nm synaptic vesicle, and 10 mmol/liter in a 100-nm smooth-membrane cistern. For structures >1 gm in diameter, the detectability is better than 1 mmol/liter. Sensitivity for Ca is slightly better, but it is offset by overlap between calcium Ka and potassium Kp x-rays.
Full details of the applications and limitations of this elemental imaging approach to biological cryosections will be published elsewhere (26 (18) has been used extensively to establish a picture of the shape and distribution of the synapses between the presynaptic varicosities of parallel fiber axons and the postsynaptic spines of Purkinje cell dendrites in rapidly frozen preparations. There are many parallel fiber synapses within the well-frozen zone extending -10 gm in from the uncut surface. These synapses are readily recognized in unstained freeze-dried cryosections cut en face from rapidly frozen slices of cerebellar cortex (Fig. 1) .
Elemental imaging of Na, P, K, and Ca in cryosections from cerebellar slices frozen between 20-30 sec of the cessation of blood flow provided direct evidence that the neuropil had been little disturbed by excision and freezing (Fig. 2) . Specifically, the distributions of P and K coincided with cellular structures as imaged by transmission electron microscopy, the intracellular concentration of K was high and that of Na was low within neural processes, and the K concentration over the whole neuropil (88 mmol/liter wet tissue, including extracellular space) was similar to that measured previously for fresh brain (29) . The average Ca concentration (1.0 mmol/liter) was also appropriate for normal tissue, although there were discrete Ca-rich foci with concentrations as high as 30 mmol/liter, some of which were nonmitochondrial. However, the Ca-rich sites did not appear within identified presynaptic terminals (Fig. 2) , which, based on the image data, had a Ca concentration of 0.8 ± 0.4 mmol/liter ( Table 1) .
The physiological activity of the synapses in rapidly excised cerebellar slices is unknown, although it is likely that many synapses had been stimulated by intrinsic neuronal activity, while others were depolarized as a result of surgical injury and spreading depression. To examine synapses under better-defined conditions of rest and depolarization, slices were rapidly excised and incubated in a physiological saline. When the cortex was depolarized with 55 mM K after 1 hr in vitro, the distribution of elements was essentially the same as that in fresh cerebellum, including the presence of Ca-rich areas. In contrast, incubated slices directly frozen in the resting state lacked the Ca-rich areas, although they were otherwise similar; the Ca concentration of specifically iden- tified terminals was not significantly different from that in fresh-frozen preparations (Table 1) .
Freeze-Substitution. Freeze-substitution experiments were carried out using a method that preserves, at least qualitatively, the distribution of divalent ions (24) . In addition to the normal Ca-containing medium, slices were incubated in a medium in which Ca was replaced by equimolar strontium. The replacement of Ca by Sr (30) serves to distinguish internalized divalent ions of extracellular origin, and the additional electron scattering of Sr was also useful in visualizing cation sequestering sites in unstained sections. When depolarized Sr-incubated preparations, which had been previously cryosectioned, were freeze-substituted and thinsectioned, numerous intact and well-preserved synapses could be identified near the original cryosectioned surface (Fig. 3A) . The organelles of these synaptic terminals typically did not contain accumulations of divalent ions. Occasionally, delicate deposits occurred within intraterminal mitochondria, but synaptic vesicles were never labeled (Fig. 3B) . In all instances, deposits attributable to depolarization of the neuronal membrane were composed of Sr, not Ca. The pattern of Ca deposition in fresh cerebellar slices was essentially similar to that in K-depolarized slices (with or without Sr). In contrast, the neuropil of resting in vitro slices contained no divalent ion deposits.
Electron Probe Microanalysis. Since it was now clear that the Ca content of presynaptic terminals was relatively low under any conditions, the amounts of K and Ca within specific organelles (e.g., see Fig. 1 Inset) of these endings were precisely measured by direct electron probe analysis, which can measure total intracellular Ca down to the 10-4 M range (27) (Fig. 4) . In both resting and stimulated preparations, most clusters of one to four synaptic vesicles as well as single axonal mitochondria contained -1 mmol of Ca per liter and normal levels (-100 mmol/liter) of internal K ( Table 1) . The Ca concentration of synaptic vesicles in fresh slices was less than mitochondrial Ca in the same terminals; other differences in organelle Ca were not significant, with the exception of three (15%) of the presumed "synaptic vesicle" clusters in stimulated synapses only, which gave Ca concentrations 5-fold higher than that shown in Table 1 . The higher values are possibly derived from a different population of membranes, presumably the Ca-rich smooth endoplasmic reticulum cisterns, which are known to be present but could not be recognized here owing to their small size and variable shape (8, 24) .
DISCUSSION
In view of the high Ca concentrations reported for synaptic vesicles from Torpedo electroplax (5, 6, 19) , as well as for organelles in various excitatory (10) and secretory (12) cells, we first used elemental imaging to search for focal sites of Ca accumulation that might reflect the presence of active sequestration sites. The images demonstrated that high-Ca sites (>20 mmol/liter) are not present in the presynaptic terminals (17, 28) of point-mode electron probe data] using known (62.5 g/100 g for erythrocytes, 65 g/100 g for mitochondria) or continuum-derived values for the water content of cellular compartments. To achieve the stated precision, enough x-ray counts were collected from specific sites within a single terminal (typically over 500 sec) so that counting errors were insignificant (K) or small (Ca) relative to terminal-to-terminal variations. Therefore, the number of data points is equal to the number of terminals, and errors in K concentration reflect only biological variability, while errors in Ca are combined values dominated by biological errors. *Values from image data. For fresh slabs, in situ erythrocytes were used as internal standards, in which case the K concentration for whole brain slabs was 88 mmol/liter wet tissue. For in vitro slices, image data were quantitated by assuming that the wet weight K concentration over large areas of neuropil was equal to that of similar areas in fresh slices.
tMitochondrial concentrations from point-probe data are consistent with concentrations derived from elemental images. This indicates that systematic quantitation errors between images and point-probe spectra are relatively small. See also ref. 26. of either resting or stimulated cerebellar synapses. Analysis of oxalate-stabilized freeze-substituted preparations giso showed that Ca (or externally applied Sr) was never observed within synaptic vesicles, although occasional deposits were found in axonal mitochondria in strongly stimulated slices. (5, 6, 19) or chemical fixation (7) . In the present study, the calcium concentrations were measured after cryofixation only and are presumably closer to in vivo conditions. However, it remains to be determined whether the differences between our findings and those of others depend on technique or reflect differences between different types of synapses.
Although synaptic vesicles do not appear to buffer large amounts of Ca, it is nevertheless interesting to consider v V (32) .
The present results show that Ca-handling in cerebellar presynaptic terminals is characterized by relatively subtle ion movements, with dramatic changes occurring in only a small number of buffering organelles. This paradigm has parallels in postsynaptic regions of the molecular layer, where there is at least one nonmitochondrial site that accumulates readily detectable amounts of extracellular Ca in response to membrane depolarization (33) . This site also appears to be a smooth membrane organelle, the characterization of which will be described elsewhere.
